The use of neurotrophic factors as therapeutic agents for neurodegenerative diseases is considered as an approach aimed at restoring and maintaining neuronal function in the peripheral and central nervous system. Since the neuroprotective effect is depending on chronic delivery of the neurotrophic factors a sustained application, e.g., via cell-based delivery is necessary. Human mesenchymal stem cells (hMSCs) were lentivirally modified to overexpress brain-derived neurotrophic factor (BDNF) and to express fluorescent marker genes for easy visualization. Since genetically modified cells should be site-specifically retained (e.g., by encapsulation) in the patients to avoid adverse effects the cells were additionally differentiated to chondrocytes to hypothetically improve their vitality and survival in a delivery matrix. Different polycations for lentiviral transduction were investigated for their efficiency. The success of differentiation was determined by analysis of chondrocyte marker genes and the neuroprotective effect of BDNF-overexpressing cells was exemplarily investigated on neurons of the peripheral auditory system. The genetically modified hMSCs overexpressed BDNF from under 1 to 125 ng ml −1 day −1 depending on the donor and transfection method. Using protamine sulfate the transfection efficacy was superior compared to the use of polybrene. The BDNF secreted by the MSCs was significantly neuroprotective in comparison to the relevant controls even though the produced mean concentrations were lower than the effective concentrations for recombinant industrially produced proteins described in literature. The presented system of BDNF-overexpressing hMSCs is neuroprotective and is therefore considered as a promising method for sustained delivery of proteins in therapeutically relevant amounts to degenerating neuronal structures.
| INTRODUC TI ON
Many neurons within the vertebrate nervous system require the presence of neurotrophic factors for development and differentiation (Oppenheim, 1991) . Later, neurotrophin signaling plays an important role in maintenance and modulation of synaptic connections (Weissmiller & Wu, 2012) .
The family of neurotrophic factors or neurotrophins consists of nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3), and neurotrophin 4 (NT-4). In order to elicit a survival response, each binds to a tyrosine receptor kinase (Trk) and each of the neurotrophins can similarly respond through an apoptotic pathway initiated by binding to the 75 kD neurotrophin receptor (p75 NTR ). The spatial and temporal balance achieved between neuronal survival and death depends on the overall level of neurotrophin present and the type of receptors that are expressed (Chao, 2003) .
In the central nervous system, BDNF is the predominant neurotrophin complemented by the substantial expression of TrkB (Weissmiller & Wu, 2012) . Studies from heterozygous mice expressing reduced levels of BDNF reveal that this factor is essential for multiple functions throughout adulthood such as proper memory acquisition, memory retention, and long-term potentiation (Korte et al., 1995) . Several studies have shown the involvement of BDNF in the pathogenesis of neurodegenerative diseases and psychiatric disorders, like depression and schizophrenia (Balaratnasingam & Janca, 2012) . Additionally, BDNF acts on cholinergic neurons, which are depleted in Alzheimer's disease (Benussi, Binetti, & Ghidoni, 2017) and on dopaminergic neurons of the substantia nigra, which are lost in Parkinson's disease (Bhardwaj & Deshmukh, 2018) .
In the peripheral nervous system BDNF has shown neurotrophic actions on small fiber sensory neurons involved in sensory neuropathies (Geral, Angelova, & Lesieur, 2013 ) and on the peripheral auditory neurons, the spiral ganglion neurons (SGN) which are protected from degeneration by application of recombinant BDNF (Leake, Hradek, Hetherington, & Stakhovskaya, 2011; Schwieger, Warnecke, Lenarz, Esser, & Scheper, 2015; Wefstaedt, Scheper, Lenarz, & Stover, 2005) .
The neurotrophic actions of BDNF have been established with diverse neuronal populations [for review see (Geral et al., 2013) ].
Although there are strong rationales suggesting that increasing supply of neurotrophins to degenerating neurons may be a potent way to restore neuronal function in neurodegenerative conditions, at present, recombinant BDNF delivery in clinical trials has not been therapeutically successful (Bezdjian et al., 2016) . Delivering neurotrophins into the brain (Weissmiller & Wu, 2012) or inner ear has proven to be a non-trivial matter. Due to the presence of the blood-brain barrier (BBB) or blood cochlear barrier (BCB) that make it almost impossible for large proteins and complex compounds to cross from the blood into the brain or inner ear CNS diseases and hearing disorders are difficult to treat. In addition, the cortical and subcortical circuits of the brain are interconnected resulting in crosstalk among multiple regions, so coming up with a treatment strategy that selectively targets affected neurons only, but not those unaffected ones, is a great challenge that has to be carefully considered (Weissmiller & Wu, 2012) . The same is true for the inner ear. In case of unilateral treatment using neurotrophins a diffusion of the factor to the contralateral site or to the brain cannot be excluded due to the cochlear aqueduct and liquor exchange.
To further compound these issues, neurotrophins are relatively large, polar molecules that cannot readily cross BBB and BCB and therefore must be administered directly to the target region. Next to this obstacle recombinant BDNF and the other neurotrophins need to be delivered frequently due to rapid protein breakdown (Poduslo & Curran, 1996) and have high manufacturing costs. Gene therapy using recombinant viral vectors such as adeno-associated virus (AAV) or lentivirus vectors offers a way to produce therapeutic proteins continuously following a single administration with infection of target cells. However, different types of vector systems have different drawbacks which include toxicity and inflammation, infection of non-relevant cell types or distribution into the body and risk of insertional mutagenesis into the genome associated with certain vector systems. To avoid these issues, alternative therapeutic strategies have been proposed including transplantation of cells releasing neurotrophins. The effectivity of such constructs is shown in in vivo models of various neuronal disorders. For example, transduction of bone marrow stromal cells to overexpress BDNF resulted in a significant increase in axonal growth at sites of spinal cord injury in rats (Lu, Jones, & Tuszynski, 2005) . And BDNF-overexpressing fibroblasts were neuroprotective in an animal model of sensory neural hearing loss (Warnecke et al., 2012) .
For individualized therapies and for acceptance by the patient it may be beneficial not to use xenogenic or allogenic cells but autologous ones. Human mesenchymal stem cells (MSCs) are a promising cell source allowing autologous treatment. They have a therapeutic relevance which is based on one hand on their capacity of differentiating into cell types of the musculo-skeletal system and on the contrary on secretion of soluble factors including neurotrophic Significance It is known that hMSCs have a high potential for neuroprotective therapy but up to now only few approaches found their way into clinical trials. We hypothesize that hMSCbased drug delivery may benefit from developing appropriate encapsulation techniques and genetical modification of the hMSCs to overexpress specific neuroprotective factors.
We developed hMSCs overexpressing BDNF and differentiated them to chondrocytes to hypothetically improve their vitality and survival in a delivery matrix. The BDNFoverexpressing hMSCs protect neurons significantly better from degeneration than native MSCs. This finding has a high potential for future clinical application of hMSCs in human neuronal disorders therapy. factors such as NGF, BDNF and GDNF (Arnhold et al., 2006) . MSCderived BDNF was already shown to have a protective effect on SGN (Wilkins et al., 2009 ).
To enhance the therapeutic effect achievable with MSCs we here developed a lentivirally based system for BDNF-overexpression and secretion by human mesenchymal stem cells (hMSCs). The transplantation of BDNF-overexpressing hMSCs should be linked to a delivery system avoiding cell migration and allowing nutrition and growth factor diffusion such as encapsulated cell devices (Konerding et al., 2017; Wahlberg et al., 2012) or hydrogel entrapment (Hütten et al., 2013) . For this purpose, it may be beneficial to differentiate the hMSC into chondrocytes: firstly, differentiated cells are less carcinogenic or tumorigenic, and secondly, chondrocytes are able to withstand hypoxic conditions and low nutrient supply. The genetically modified and chondrognically differentiated hMSCs were evaluated for their BDNF production and neuroprotective potential on primary auditory neurons as well as for the expression of representative genes that are relevant for chondrogenic differentiation. MSCs were subsequently infected to co-overexpress fluorescent marker proteins (pSIEW = green; pRRL = red) and BDNF. The rationale for use of a fluorescent marker protein during lentiviral modification is to obtain a permanent signal allowing to directly judge the efficacy of the transduction. It also allows following implantation of the cells in animal models in subsequent studies including detection of the cells in histological analysis. The effect of lentiviral infection with two different lentiviral systems (pRRL, pSIEW) and subsequent chondrogenic differentiation on BDNF production ( Figure 4 ) and neuronal survival ( Figure 5 ) was compared using conditioned media sampled during the course of differentiation without finding notable differences between both vector systems. Therefore, due to the higher green than red autofluorescence within fixated tissue, subsequent experiments were performed with the pRRL-system (red fluorescence) only. 
| MATERIAL S AND ME THODS

| Isolation of MSCs from human bone marrow
For studies involving human bone marrow ethical approval from the ethical committee of Hannover Medical School, Hannover, Germany, was obtained . Samples were collected in accordance with the Declaration of Helsinki after written informed consent of all donors. For the present study, cells from three donors aged between 21 and 23 years (one male, two female) were selected since studies have shown that cells from younger donors perform better than cells from older donors in many functional aspects (Stolzing, Jones, McGonagle, & Scutt, 2008) . All personal information was made anonymous and is denoted "A," "B," "C" in the present publication when reference is made to experiments with individualized data. Bone marrow samples were obtained during resection of the femoral head for implantation of a total hip arthroplasty in otherwise healthy donors. Human MSCs were isolated from these samples by density gradient centrifugation and subsequent plastic adhesion of mononuclear cells and cultured as previously described (Hoffmann, Floerkemeier, Melzer, & Hass, 2017; Jungwirth et al., 2018 ).
| Determination of endogenous gene expressions in native MSCs by quantitative real-time PCR
During the expansion (37°C, 5% CO 2 ) of the MSC populations (i.e., without infection and chondrogenic induction), the basal gene expression of several genes was investigated in order to assess the cells' putative chondrogenic potential. MSC growth medium consisting of Dulbecco's Modified Eagle's Medium (1 g/l glucose, Biochrom, FG0415) supplemented with 10% (v/v) fetal calf serum (FCS, not heat-inactivated, Thermo Fisher Scientific, Schwerte, Germany, "HyClone," SV30160.03), 25 mM HEPES (Biochrom, Berlin, Germany), 1% (100 U/ml/ 100 µg/ml) penicillin/streptomycin (Biochrom, Berlin, Germany), and 2 ng/ml human recombinant FGF 2 (from Escherichia coli, PeproTech, Hamburg, Germany) was used for expansion. MSCs from three different donors (A, B, and C) were used in passages 2 and 4. Briefly, cells cultured in T25-Roux flasks (Greiner) were harvested using 1 ml TRIzol reagent (Ambion) and stored at −80°C at least overnight. The thawed solution was mixed with 100 µl 1-bromo-3chloropropane (Merck) and centrifuged for 15 min at 20,000 × g and 4°C. The upper layer was carefully collected in a new tube, treated with 500 µl 2-propanol for 5 min at RT and centrifuged for 30 min at 20,000 × g and 4°C. The supernatant was discarded and the RNA pellet was washed with ice-cold 80% ethanol, dried, and subsequently dissolved in 20 µl deionized water. RNA concentration was calculated by absorption at 260-280 nm. Synthesis of cDNA was performed with 1 µg of RNA after treatment with DNase I and using oligo-dT 18 primers according to the manufacturer's protocol (Fermentas).
Quantitative real-time PCR based on the housekeeping gene RPS29
was performed for AGGRECAN (gene name: ACAN, representative for mature chondrocytes), endoglin (gene name: ENG, protein also called CD105, co-receptor for Transforming Growth Factor-Beta that induces chondrogenic differentiation [Fan et al., 2016] ), and sex determining region Y-Box 9 (gene name: SOX9, upregulated during early chondrogenic differentiation). Quantitative real-time PCR analyses were performed using the Applied Biosystems ® StepOnePlus instrument (Life Technologies). The gene-specific assays as well as the Fast 
| Infection of human MSCs with lentiviruses for BDNF overexpression
In order to achieve a constitutive expression of human BDNF, lentiviral constructs were prepared in two different vectors containing F I G U R E 2 Gene expression in native hMSCs from three donors. Selected genes were analyzed in passage 2 (p.2) and 4 (p.4) during the expansion of human MSCs from donors A, B, and C by quantitative real-time PCR. The level of gene expression is indicated by the 2 −ΔCt value using the house-keeping gene RPS29 as reference: ΔCt = Ctgene of interest-CtRPS29. ACAN: Aggrecan, END: Endoglin, SOX9: Sex Determing Region Y-Box 9. Possibly high expression of ACAN in an early passage (here donor C, p.2) may predict poor in vitro chondrogenesis, while a low expression (here donor A) might indicate a higher potential for in vitro chondrogenesis F I G U R E 3 Neuronal survival rates of SGN treated with supernatant of chondrogenically differentiated native hMSCs. The conditioned supernatants of native MSCs collected during chondrogenesis from donors A and C were added to dissociated SGN. The conditioned medium of native hMSCs from both donors did have a neuroprotective effect compared to negative control (NC, MSC growth medium, including 5% FCS) but this effect was lower compared to the positive control (PC, MSC growth medium with 50 ng/ml recombinant BDNF). An additional supply of exogenous BDNF to the hMSC-conditioned supernatant significantly increased the neuronal survival. This effect was even significantly higher in comparison to the PC for donor C, albeit not for donor A. *p < 0.05; **p < 0.01; ***p < 0.001; ns = not significant [Color figure can be viewed at wileyonlinelibrary.com] F I G U R E 4 BDNF concentration in the supernatants of pRRL-and pSIEW-infected hMSCs during chondrogenic differentiation. The protein expression did not differ between the lentiviral expression systems used. Production of BDNF was maximal after one week of differentiation and decreased afterwards. pRRL = plasmid with tdTomato-red marker protein; pSIEW = plasmid with green fluorescent protein marker [Color figure can be viewed at wileyonlinelibrary.com] a ribosomal entry site with expression of a fluorescent marker gene.
The expression of human BDNF (entire coding sequence including signal peptide please see [Warnecke et al., 2012] ) was under control of a SFFV (spleen focus-forming virus) promoter in both systems (Figure 1b1 , b3). The marker was either tdTomato red (plasmid pRRL.
PPT.SFFV (pRRL), or green fluorescent protein (GFP; plasmid pHR-SIN-cppt-SFFV-IEW (pSIEW). For the pRRL-system, a control vector expressing firefly luciferase (Luc) instead of BDNF was constructed ( Figure 1b2 ). For the pSIEW-system, a control vector without BDNF transgene was generated ( Figure 1b4 ). Subsequently, the hMSCs (seeded at 3,000 cells/cm 2 , passage 4 or 5) were infected with the BDNF-or control lentiviruses using the appropriate amount of virus diluted in fresh MSC growth medium. To investigate whether polybrene or protamine sulfate addition leads to a higher secretion of BDNF including an enhancement of spiral ganglion neuron survival, 8 μg/ml polybrene or 50 μg/ml protamine sulfate (Lin et al., 2012) were applied and MSCs from three different donors (A, B, C) were compared. For a subsequent downgrading of the cells to S1 level, the cells were cultured and expanded for 11 days before investigating the BDNF secretion by ELISA and the neuroprotective effect.
| Chondrogenic differentiation of lentivirally modified hMSCs
Prior to cell seeding for chondrogenic induction, MSCs from the two individual donors A and C were lentivirally modified for BDNFsecretion or luciferase expression (control cells) in the presence of F I G U R E 7 BDNF secretion per hMSC (in ng/cell) after polybrene-or protamine sulfate-mediated lentiviral transduction with the pRRL vector system (without subsequent chondrogenic differentiation). BDNF secretion was determined by ELISA. The cell count of the MSCs (a mixture of infected and uninfected cells) was determined by means of Fuchs-Rosenthal counting chamber.
In the presence of the control virus (Luc/pRRL) no endogenous BDNF secretion of the MSC populations is detectable. The BDNF secretion is generally higher when infected with protamine sulfate than with polybrene. n.d.: not detectable [Color figure can be viewed at wileyonlinelibrary.com] F I G U R E 8 Neuronal survival rate using either polybrene or protamine sulfate with the pRRL vector system (without subsequent chondrogenic differentiation). Neuronal survival rate relative to the seeding control (=100%) of supernatants collected from different donors (donor A, donor B, donor C) with controlvector infection (control) or BDNF infection using either polybrene or protamine sulfate. In all donors the infection with BDNF did result in increased neuronal survival rates with exclusion of donor A infected with polybrene. No difference in polybrene and protamine sulfate infection was observed. Even though compared to polybrene-infected MSCs, the protamine sulfate treatment resulted in a higher rate of neuronal survival than the relevant control. *p < 0.05; **p < 0.01; ***p < 0.001; ns = not significant F I G U R E 9 Gene expressions after chondrogenic differentiation of pRRL-infected MSCs from two donors. The gene expressions of all chondrogenic marker genes investigated for MSC C are notably lower than for MSC A although the experiments were conducted in parallel for three weeks. Markers for mature chondrocytes: COL2A1 (collagen type II alpha I), COMP (cartilage oligomeric protein), ACAN (aggrecan); marker of early chondrogenesis: SOX9 (sex determining region Y-box 9); marker for hypertrophic, mineralized chondrocytes: MMP13 (matrix metalloprotease 13), ALPL (Alkaline Phosphatase). Luc: control vector with luciferase and BDNF expression (vector with BDNF expression, either in the plasmid system with tdTomato as marker gene [pRRL] 
| In vitro measurement of BDNF overexpression and neuronal protection
To investigate the neuroprotective effect of native hMSC-conditioned medium (possibly including released neurotrophic factors as synergistic activators) in comparison to non-conditioned medium, cells from donor A and donor C were subjected to chondrogenic differentiation for 21 days. The conditioned supernatants were collected and added to dissociated SGN, alone and in combination with exogenously produced BDNF (cf Table 1 (Figure 3) ; N = 16 for infected and differentiated hMSCs ( Figure 5) 
| RE SULTS
For the establishment of hMSCs from different donors to stably overexpress and secrete human BDNF with the aim of providing continuous trophic support to neuronal cells different infection protocols and differentiation methods were compared with respect to the resulting BDNF secretion and the biological effect on neurons in vitro.
| Native hMSCs-Gene expression and neuroprotection
During the expansion of the native hMSC populations the basal gene expression of selected genes was investigated. Figure 2 (Figure 3 ). The addition of 50 ng/ml recombinant BDNF (PC) resulted in a significantly improved neuronal survival (33.80% ± 3.02%; p < 0.0001). Conditioned medium from the chondrogenically differentiated native hMSCs of both donors did have a neuroprotective effect compared to the negative control (Mann-Whitney test, p = 0.0287 (MSC A) and p = 0.0329 (MSC C) (Figure 3) . and to medium from native hMSCs (p < 0.01) this effect was statistically significant. In contrast to SGN treated with recombinant BDNF (PC) there was no difference. In contrast to this, conditioned medium from MSC C supplemented with recombinant BDNF did have a significantly higher neuroprotective effect than the positive control (45.22% ± 5.15% versus 33.80% ± 3.02%; p = 0.0133). Additionally, the neuronal survival of MSC C + BDNF was significantly increased compared to NC (p < 0.001) and to the native hMSCs from the same donor (p < 0.01; Figure 3) . Indeed, the hypothesis that the combination of hMSC-conditioned medium with exogenous recombinant BDNF can induce a higher neuronal survival than each condition alone was confirmed by these data.
| Comparison of two different lentiviral systems with respect to BDNF-overexpression and neuronal survival
The project rationale was to use chondrogenically differentiated hMSCs for envisioned long-term in vivo survival and BDNF secretion. However, differentiation might impact BDNF secretion. We therefore compared the BDNF secretion achieved by lentiviral modification of hMSCs in the presence of the widely used polycation polybrene with both lentiviral systems pRRL and pSIEW at different time points during chondrogenic differentiation. The BDNF expression (ng ml −1 day −1 ) of pRRL-or pSIEW-infected hMSCs did decrease over time. Using pRRL for infection hMSCs produced on day 7 a mean ± SEM of 9.55 ± 3.64 ng BDNF −1 ml −1 day and on day 21 after infection 3.17 ± 1.33 ng BDNF −1 ml −1 day, p < 0.0001. Using pSIEW the BDNF amount declined from 18.11 ± 17.84 ng BDNF −1 ml −1 day on day 7 to 2.36 ± 1.18 ng BDNF −1 ml −1 day on experimental day 21 (p < 0.01). The BDNF production of pSIEW-infected hMSCs did not differ from pRRL-infected ones on the respective experimental days tested (Figure 4 ). An infection with the control vectors lacking the BDNF-gene resulted in no detectable amounts of BDNF (data not shown).
The neuroprotective effect of the produced BDNF was tested on dissociated SGN. The highly significant neuronal protection in PC compared to NC demonstrates the success of the experiment ( Figure 5 ). Pellets containing 125.000 hMSCs modified to overexpress BDNF by infection with either the pRRL-or pSIEW-based lentiviruses and subsequently differentiated to chondrocytes did release human BDNF which significantly protected the neurons compared to the relevant control (without BDNF overexpression). This effect was detectable during the entire period of chondrogenic differentiation, i.e., 7-8, 14-16, and 21-22 days ( Figure 5) . When comparing the neuroprotective effect of the released BDNF at a specific time point no differences were observed between pRRL-and pSIEW-modified hMSC. Due to the finding that the guinea pig cochlea exhibits notable green autofluorescence but the comparable BDNF secretion of both lentiviral systems all subsequent experiments were conducted with the pRRL lentiviral system only. (Figure 7) , despite the fluorescence intensity of the marker protein being similar ( Figure 6 ). For all three MSC donors, the BDNF secretion was higher when hMSCs were infected with protamine sulfate than with polybrene ( Figure 7) . No BDNF secretion could be measured from the control hMSCs that had been infected with the luciferase control virus.
| OP TIMIZ ATI ON OF LENTIVIR AL
To investigate the neuroprotective effect of the produced BDNF, the conditioned supernatant was added to dissociated SGN. In comparison to the seeding control 21.30% ± 2.17% (mean ± SEM) of untreated neurons cultivated in MSC growth medium (NC [MSC]) survived (Figure 8 ). 
| Chondrogenic differentiation of lentivirally modified hMSCs
Chondrogenic differentiation was subsequently performed after lentiviral modification of hMSC in the presence of protamine sulfate as described in Materials and Methods. At the end of the differentiation period (i.e., after 21 days), the gene expression analyses of lentivirally modified and differentiated hMSCs clearly demonstrated substantial donor-dependent differences in in vitro differentiation efficiency: Donor A showed a considerably better chondrogenic differentiation than donor C (Figure 9 ). This is evidenced by the notably higher expression of all chondrogenic marker genes for MSCs from donor A compared to donor C that were investigated including the marker of early chondrogenesis, SOX9 (sex determining region Ybox 9), and the markers for mature chondrocytes, COL2A1 (collagen type II alpha I), COMP (cartilage oligomeric protein), and ACAN (aggrecan The diameter of pellets from 125,000 native hMSC-pellets is substantially larger ( Figure 10 ).
| D ISCUSS I ON
Using three different human donors for isolation of MSCs from bone marrow, different transduction methods and gene expression analyses we were able to differentiate hMSC to chondrocytes overexpressing the neurotrophic factor BDNF in a sufficient amount to increase neuronal survival significantly in vitro.
This may be one first step toward the individualized chronic therapy for neuronal disorders using autologous cells.
| Native hMSCs
During the expansion of the native hMSC populations, the basal gene expression was investigated in order to assess the cells' putative chondrogenic potential. In passage 2, a notable higher expression of ACAN for donors B and C compared to donor A was detected but at the later passage ACAN expression was comparable for all three donors. In contrast to the behavior of ACAN, the expressions of END and SOX9 increased between passage 2 and 4 for all three MSC populations. Influences of culture conditions on gene expressions have been observed for other genes before (Schäck et al., 2013) . In the present study, additional experiments including chondrogenic differentiation of cells (Figure 9 ), however, demonstrated adequate chondrogenic differentiation only for donor A who exhibited the lowest relative ACAN expression in passage 2. Therefore, a high expression of ACAN in an early passage (here MSCs B, C) may possibly predict poor in vitro-chondrogenesis. This hypothesis would, however, need to be verified by further investigations; it was not the focus of the present investigation to closer investigate reasons and predictors of poor chondrogenic differentiation.
Native undifferentiated hMSCs protect neurons in vitro from degeneration. This effect is already described for native undifferentiated hMSCs (Schulze et al., 2017) and is based on their potency to synthesize and secrete neurotrophic factors such as NGF, BDNF, and GDNF (Arnhold et al., 2006; Wilkins et al., 2009) . The SGN survival rates in the present study were 22.14% ± 2.83% (donor C) and 21.70% ± 2.70% (donor A) mediated by native hMSCs during chondrogenesis and are comparable for both hMSC preparations that were investigated (Figure 3 ). This effect is already significant compared to untreated negative controls but not as successful as the positive control. The positive control used within our study is 50 ng/ ml recombinant human BDNF. This is a concentration of human recombinant BDNF already presented to significantly increase the SGN survival rate compared to relevant controls (Schmidt et al., 2018; Schulze et al., 2017; Schwieger et al., 2015; Wefstaedt et al., 2005 ). An additional substitution of the native hMSC supernatant with 50 ng/ml recombinant BDNF could further increase the neuroprotective effect of the hMSCs. This finding implicated an even higher potential for neuroprotection when hMSCs would be induced to produce higher amounts of BDNF. A combination of these two neuroprotective effects has not been described before.
| Genetically modified hMSCs
Our study for the first time shows that the neuroprotective effect of native (and chondrogen differentiated) hMSCs can significantly be increased by genetically modifying the MSCs to overexpress BDNF.
This effect is equal or-in case of donor C-significantly better than the neuroprotective effect achieved using recombinant human BDNF (50 ng/ml, PC). Studies investigating the optimal in vitro concentration of recombinant BDNF for protection of auditory neurons examined a wide range of concentration as optimal, e.g., 25 ng/ml (Ramku, Ramku, Spanca, & Zhjeqi, 2017) , 50 ng/ml (Wefstaedt et al., 2005) , or 100 ng/ml (Hegarty, Kay, & Green, 1997) (Rejali et al., 2007) . Another study with deafened guinea pigs could also detect a significant protection of SGN from degeneration by a treatment with encapsulated and for BDNF-production genetically modified Schwann cells. They detected an endogenously produced BDNF amount of ~570 pg −1 day −1 10 6 cells, later (4 weeks) decreasing to about 150 pg −1 day −1 10 6 cells. Therefore, low concentrations of endogenous BDNF (i.e., produced by mammalian cells) result in highly significant neuronal protection. This neuroprotective effect of genetically modified BDNF-secreting hMSCs was confirmed in the present study for the three MSC-donors A, B, and C (Figure 8) and therefore seems to be largely donor-independent pointing to the notion that donor-specific (autologous) therapy might be an option.
One can speculate that this effect is due to an increased bio- 
| Chondrogenic differentiation
We investigated the capacity of BDNF-secreting hMSCs for in vitro chondrogenic differentiation. This might be interesting insofar as chondrocytes and chondrocyte-like cells are capable of surviving in low oxygen and low nutrient-surroundings as they are present in target tissues like the inner ear, especially when encapsulated into biomaterials that are designed to cover neuronal electrodes. During our comparison of donors A and C with respect to their capacity for in vitro-chondrogenic differentiation, the present study found that the expression and secretion of BDNF did not significantly influence the outcome of chondrogenic differentiation and that MSCs from donor A are much better suited for in vitro-chondrogenic differentiation than hMSCs from donor C (Figure 8) . Such highly donor-dependent variabilities in differentiating capacities of hMSCs from bone marrow have been found also by other groups. This is the reason why many studies try to identify predictive endogenous hMSC "markers"
for in vitro-chondrogenesis like mRNA expressions of SOX9, ACAN, and ENG as tested here or additional markers like surface proteins including the receptor protein ROR2 (Regeneron Orphan Receptor 2 [Dickinson et al., 2017] ). This highly donor-dependent in vitro-differentiation capacity challenges the notion that donor-specific (autologous) therapy might be an option, as stated for the neuroprotective effect of genetically modified BDNF-secreting hMSCs. Since to our knowledge no such predictive marker for chondrogenic capacity of hMSCs has convincingly been identified this calls for further studies.
We detected an increased BDNF-production in transfected and differentiated hMSCs during the time period observed within this study (4 weeks). Since with chondrogenic differentiation the cell metabolism decreases the BDNF secretion may be decreased as well. It will be necessary to find out in further studies whether the BDNF-secretory function of encapsulated but not differentiated hMSCs might be feasible or whether chondrogenic differentiation is necessary or at least prolongs survival of encapsulated and differentiated MSCs. This will help to decide whether autologous or allogeneic hMSCs (the latter with optimized chondrogenic potential) can be used. Additionally, prolonged experiments have to show how long the MSCs survive and keep their secretory activity.
The chondrogenic differentiation method used in this study is based on three-dimensional pellet culture. The pellets released an amount of BDNF that was sufficient to achieve a neuroprotective effect in vitro (Figure 8 ) but regardless of the donor and his chondrogenic differentiation potential the diameter of these pellets were too large (≥1.0 mm at the end of the differentiation period)
for implantation into or near neuronal tissue or for embedding into an implant coating. To overcome this obstacle, differentiation of cells after encapsulation within an implant coating as described in some studies might present an alternative (Goren, Dahan, Goren, Baruch, & Machluf, 2010) . At all time points tested (1, 2, and 3 weeks of chondrogenic differentiation), the infection of the hMSCs with the BDNF-lentivirus and subsequent BDNF production ( Figure 4) resulted in a higher neuronal protection compared to the relevant control ( Figure 5 ). Therefore, it can be concluded that the infection and transfection used in this study are feasible methods to induce a significant neuronal protection in vitro, which moreover is superior compared to the neuroprotective effect of native hMSCs.
| Lentiviral infection with different vector systems
Additionally, to constitutive overexpression of the human BDNF transgene, hMSCs were functionalized to express a fluorescence marker to allow a tracking of the cells without staining. pRRL was used for induction of tdTomato red fluorescence protein expression or pSIEW for green fluorescent protein production. Since the fluorescence genes were coupled to the BDNF gene under the same promotor with an internal ribosomal entry site the fluorescence was directly related to BDNF expression. The neuronal protection efficiency of the fluorophore-functionalized hMSCs did not differ between the pRRL-and pSIEW-systems even though there was a tendency of increased neuronal survival in the pSIEW-system compared to pRRL. For future studies which may include in vivo research on the neuroprotective potential of the herein developed cells we recommend to use red fluorescence markers as tdTomato in pRRL if the target tissue, for example the inner ear, may exhibit a green autofluorescence which interferes with detection of the green fluorescence as in pSIEW in subsequent histological analysis.
| CON CLUS ION
Supernatants of native as well as genetically modified and chondrogenically differentiated hMSCs of the different donors significantly protected neurons from degeneration (Figures 3 and 5 ) despite exhibiting notable donor-dependent variations in the efficiency of the chondrogenic differentiation itself (Figure 9 ). This neuroprotective effect by conditioned media from native chondrogenically differentiated hMSCs extends data from previous studies using undifferentiated hMSCs. However, native hMSCs performed less well in neuronal protection than pure recombinant BDNF added to the medium. In contrast, hMSCs genetically modified to overexpress and secrete BDNF performed tremendously better than conditioned medium from native hMSCs. Therefore, with respect to neuronal protection, autologous application of hMSCs seems a feasible approach for individualized therapy of neuronal degeneration.
Future investigations will need to show whether or not the chondrogenic differentiation of the genetically modified BDNF overexpressing hMSCs is necessary for long-term survival and BDNF delivery in cell matrices implanted into the relevant target tissue.
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